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A new compound with the filled-skutterudite structure, BaxPd4SnySb12y, was
prepared by the flux growth and spark plasma sintering (SPS) techniques.
The crystal structure was determined from single crystal and powder x-ray
diffraction data. The structure is electronically stabilized by the Sn:Sb ratio,
and the lattice parameters depend on this ratio. For magnetic, electrical
conductivity, Hall coefficient, Seebeck coefficient and thermal conductivity
measurements, single crystal and/or SPS-densified specimens were utilized.
Ba1.0Pd4Sn7.1Sb5.2 exhibits diamagnetic behavior. The Hall coefficient is
negative and increases with temperature. The lattice thermal conductivity of
Ba0.97Pd4Sn6.90Sb4.97 (SPS-densified) is smaller than for CoSb3, but the ther-
moelectric figure of merit (ZT) is comparatively low due to the low Seebeck
coefficient.
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INTRODUCTION
There has been considerable interest in the ther-
moelectric (TE) properties of non-filled and filled
skutterudites. The crystal structure of a skutteru-
dite contains two large voids in the unit cell, which
may be filled with ions as effective phonon-
scattering centers, and, due to the large number of
accessible compositions, skutterudites are deemed
to be a promising family of TE materials.1–5 Ternary
skutterudite derivatives with simultaneous substi-





ously been reported. Recently, a metallic
SnxPt4SnySb12y filled skutterudite has been stud-
ied. In this compound the filler Sn atoms are not
located at the center of the cavity but are covalently
bonded to the cavity wall.9
The effectiveness of Pd substitution on the TE
properties has been studied for PdxCo1xSb3
10 and
Ba0.32PdxCo4xSb12.
11 To our best knowledge, there
are no data on ternary palladium-containing
skutterudites, where only palladium atoms occupy
the octahedral (8c) position. Here, we report on a
new compound, BaxPd4SnySb12y. Its crystal struc-
ture, as determined from single crystal and powder
x-ray data, magnetic behavior, Hall effect, and TE
properties were investigated.
EXPERIMENTAL
The starting materials for the preparation were
metallic barium (99.9%, ChemPur), palladium
granules (99.95%, ChemPur), tin granules (99.99%,
ChemPur), and antimony granules (99.999%,
ChemPur). Tin-rich single crystals were prepared
from a Sn flux. The crucible was heated to 700C
for 12 h. Then, the melt was cooled at a rate of 5C/h
to 400C and kept at this temperature for 24 h. The
excess Sn was removed by centrifugation-supported
hot filtration12,13 at 400C and by additional treat-
ment with 37% HCl acid to clean the surface of the
crystals. The silver-metallic crystals were stable in
air and did not react with concentrated HCl acid.
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They were not large enough for TE measurement
but were suitable for investigation of their magne-
tization, Hall coefficient, and electrical resistivity.
The crystals were reground and powdered by ball-
milling, filled into a carbon pressing tool and spark-
plasma sintered14,15 at 400C for 2 h. The resulting
samples were silver bulk pellets with at least 90%
theoretical density.
The samples were characterized by x-ray powder
diffraction using the Guinier technique (Huber im-
age plate camera G670, CuKa1 radiation with
k = 1.54060 A˚, 5< 2h< 100, step width 0.005,
and LaB6 with a = 4.15692 A˚ as internal standard).
Lattice parameters were refined from powder
diffraction data using WinCSD software.16 For
intensity data collection on single crystals, a Rigaku
Spider diffraction system was used (AgKa radiation,
k = 0.5608 A˚). The crystal structure of BaPd4-
Sn7.34(5)Sb4.92(5) was determined by direct methods
using SHELXS-9717 and refined with the WinCSD
program.16 The phase appearance in the micro-
structure of the samples was analyzed by optical
metallography. The chemical composition of the
phases was analyzed by scanning electron micro-
scopy (Philips XL30) and electron microprobe
(Cameca SX 100), by energy-dispersive and
wavelength-dispersive x-ray analysis (EDXS and
WDXS), respectively.
RESULTS AND DISCUSSION
Sn-free filled skutterudites with Pd and Sb could
not be synthesized by standard solid-state tech-
niques. Partial substitution of Sb by Sn contributed
to stabilization of the structure due to the balancing
of charges. The lattice parameter of BaxPd4Sny-
Sb12y depended on the Sn:Sb ratio in the frame-
work due to the different ionic radii of the elements,
and, to a lesser extent, on the interactions between
the filler and the framework. The lattice spacing
and compositional changes from Ba1.0(2)Pd4Sn7.1(2)-
Sb5.2(2) (EDXS composition; a = 9.4139(2) A˚) to
Ba0.97(1)Pd4Sn6.90(2)Sb4.97(1) (WDXS composition;
a = 9.4165(2) A˚) after spark plasma sintering indi-
cated a complex homogeneity range of
BaxPd4SnySb12y. According to the EDXS or WDXS
measurements, the samples were homogeneous.
This was confirmed by the x-ray powder diffraction
patterns (Fig. 1).
The composition BaPd4Sn7.34(5)Sb4.92(5), as con-
cluded from the crystal structure refinement,
agreed well with that obtained by EDXS (Ba1.0(2)-
Pd4Sn7.1(2)Sb5.2(2)). The details of the structure
determination are shown in Table I. The final
values of the atomic coordinates and the displacement
parameters are summarized in Table II. Table III
presents the interatomic distances. BaPd4Sn7.34(5)-
Sb4.92(5) crystallized in the body-centered cubic
LaFe4Sb12-type structure
18 (Fig. 2). The Sn/Sb atoms
were randomly located on the 24g (1/2 y z) position,
with slightly different coordinates y and z, forming
two kinds of large voids. Pd atoms were located in
the octahedral voids at 8c (1/4 1/4 1/4) position. The
voids at the 2a position were filled by Ba atoms,
which were coordinated by 12 tin/antimony atoms to
form a distorted icosahedron.
Magnetic susceptibility v = M/Hext of Ba1.0Pd4-
Sn7.1Sb5.2 versus temperature is shown in Fig. 3.
Ba1.0Pd4Sn7.1Sb5.2 exhibited diamagnetic behavior
in the temperature range from 1.8–400 K. Consid-
ering paramagnetic impurities as the origin of the
Curie-like contribution at low temperatures, we
could extrapolate a v0  160(10) 9 106 emu/mol.
In a low-field measurement a superconducting sig-
nal was observed (Tc (H = 0) = 3.9 K; Hc (1.8 K) 
500 Oe; volume fraction 7% after zero-field cooling
and 1% during field cooling), which was due to
residual Sn-Sb alloy. The onset of a superconducting
Fig. 1. Experimental x-ray powder diffraction patterns for
Ba0.97Pd4Sn6.90Sb4.97 and Ba1.0Pd4Sn7.1Sb5.2 in comparison with a
simulated diffraction picture.
Table I. Crystallographic data and details of the









Unit cell parameter a 9.4139(2) A˚
(from powder diffraction data)
Unit cell volume 834.27(5) A˚3
Calculated density 8.10 g/cm3
Data collection Rigaku Spider; AgKa
(k = 0.5608 A˚, multilayer optics)
Measured range
(sin h/k)max
8.4 £ 2h £ 123.0; 1.57
Absorption correction Empirical
Absorption coefficient 32.92 mm1
Extinction coefficient 0.00125 (7)
Rgt(F)/wRref(F
2) 0.042/0.025
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transition temperature of 4.1 K was reported for the
composition ‘Sn3Sb2’
19 and was confirmed by our
own measurements on a sample of Sn60Sb40
(Tc,onset = 3.95 K).
The Hall coefficient of Ba1.0Pd4Sn7.1Sb5.2 obtained
from a linear fit of qHall(H) is presented in Fig. 4.
Fits in different field ranges served as rough
estimates of errors in the Hall coefficient obtained
from transverse magnetoresistance. RH was nega-
tive and increased with temperature, indicating
that the charge carriers were mainly electrons.
Figure 5 presents the temperature dependence of
electrical resistivity q(T) for BaxPd4SnySb12y.
While Ba1.0Pd4Sn7.1Sb5.2 showed metallic behavior,
Ba0.97Pd4Sn6.90Sb4.97 revealed a changeover from
metal-like to semiconductor-like temperature charac-
teristics. The resistivity drop for Ba0.97Pd4Sn6.90Sb4.97
below 4.0 K was due to the superconducting impurity
as discussed above.
Table II. Atomic coordinates and displacement parameters (A˚2) in the crystal structure of BaPd4Sn7.34Sb4.92
Atom Site x y z Occ. U11 U22 U33 U12 U13 U23 Ueq
Ba 2a 0 0 0 1 0.01116(1) U11 U11 0 0 0 0.01116(7)
Pd 8c 1/4 1/4 1/4 1 0.00650(5) U11 U11 0.00081(6) U12 U12 0.00650(3)
Sb 24g 1/2 0.1547(2) 0.34681(1) 0.410(4) 0.0068(4) 0.0088(4) 0.0083(2) 0 0 0.0004(2) 0.0080(2)
Sn 24g 1/2 0.15129(1) 0.33840(1) 0.612(4) 0.0066(2) 0.0085(2) 0.00885(1) 0 0 0.0002(2) 0.00798(1)
Table III. Interatomic distances (A˚) in
BaPd4Sn7.34Sb4.92
Atoms Distance Atoms Distance
Ba 8 Pd 4.0763(1) Pd 2 Ba 4.0763(1)
12 {Sn 3.618(1) 6 {Sn 2.6636(5)Sb 3.556(2) Sb 2.6784(8)
Sn 2 Pd 2.6636(5) Sb 2 Pd 2.6784(8)
Ba 3.618(1) Ba 3.556(2)
1 {Sn 2.849(2) 1 {Sn 2.882(2)Sb 2.882(2) Sb 2.884(2)








Fig. 2. Crystal structure of BaPd4Sn7.34Sb4.92. The palladium atoms
(dark gray balls) are octahedrally coordinated by Sn/Sb atoms (small
light gray balls). In the framework only Sb atoms are shown in the
24g position. The barium atoms (large light gray balls) are
icosahedrally coordinated by eight Pd atoms and 12 Sn/Sb atoms.
Fig. 3. Molar magnetic susceptibility of Ba1.0Pd4Sn7.1Sb5.2 versus
temperature in a magnetic field of 70 kOe.
Fig. 4. Hall coefficient as a function of temperature for
Ba1.0Pd4Sn7.1Sb5.2 in fields of |H|< 20 kOe (filled symbols) and
|H|< 90 kOe (empty symbols).
BaxPd4SnySb12y: A New Palladium-Containing Skutterudite 1839
The Seebeck coefficient of Ba0.97Pd4Sn6.90Sb4.97
(Fig. 6) exhibited a negative value throughout the
temperature range. The absolute value of the
Seebeck coefficient was very low (4.2 lV/K at
room temperature) compared with that of pnicogen
skutterudites.
The temperature-dependent thermal conductivity
j(T) of Ba0.97Pd4Sn6.90Sb4.97 is displayed in Fig. 7.
The electronic thermal conductivity je(T) can be
estimated using the Wiedemann–Franz relationship
from the measured q. In this approximation, for
Ba0.97Pd4Sn6.90Sb4.97, the major contribution to the
thermal conductivity stems from lattice phonons
(in the whole temperature range). At room temper-
ature, approximately 60% of the total thermal con-
ductivity was due to the contribution of the lattice
phonons. The value of the lattice thermal conduc-
tivity (<3.0 W/Km at room temperature) was
smaller than that of CoSb3 ( 8 W/Km at room
temperature).20,21
From the values of the electrical resistivity,
Seebeck coefficient and thermal conductivity, we
found a TE figure of merit (ZT) of the compound
Ba0.97Pd4Sn6.90Sb4.97. The ZT value was far too low
(3.3 9 104 at room temperature) for any TE
applications.
CONCLUSIONS
We expanded the family of filled skutterudites
by synthesizing the new phase BaxPd4SnySb12y.
The crystal structure and physical properties
were studied. Ba1.0Pd4Sn7.1Sb5.2 exhibited dia-
magnetic behavior. The charge carriers were
mainly electrons, and the system showed metallic
behavior in the overall temperature range, while
Ba0.97Pd4Sn6.90Sb4.97 exhibited a changeover from
metal-like to semiconductor-like temperature char-
acteristics of q(T) below 350 K. The ZT value was
very low due to the small Seebeck coefficient. In spite
of this metallic behavior, the lattice thermal con-
ductivity was low, which is a typical characteristic of
filled skutterudites.
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Fig. 5. Electrical resistivity as a function of temperature for
Ba1.0Pd4Sn7.1Sb5.2 and Ba0.97Pd4Sn6.90Sb4.97.
Fig. 6. Seebeck coefficient as a function of temperature for
Ba0.97Pd4Sn6.90Sb4.97.
Fig. 7. Thermal conductivity as a function of temperature for
Ba0.97Pd4Sn6.90Sb4.97. Data above 150 K are influenced by radiation
heat losses, leading to an additional contribution jloss  T 3.
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